The photophysical properties of multichromophoric systems consisting of eight red or blue naphthalene diimides (NDIs) covalently attached to a p-octiphenyl scaffold, as well as a blue bichromophoric system with a biphenyl scaffold, have been investigated in detail using femtosecond time-resolved spectroscopy. The blue octachromophoric systems have been recently shown to self-assemble as supramolecular tetramers in lipid bilayer membranes and to enable generation of a transmembrane proton gradient upon photoexcitation (Bhosale, S.; Sisson, A. L.; Talukdar, P.; Fürstenberg, A.; Banerji, N.; Vauthey, E.; Bollot, G.; Mareda, J.; Röger, C.; Würthner, F.; Sakai, N.; Matile, S. Science 2006, 313, 84). A strong reduction of the fluorescence quantum yield was observed when going from the single NDI units to the multichromophoric systems in methanol, the effect being even stronger in a vesicular lipid membrane. Fluorescence up-conversion measurements reveal ultrafast self-quenching in the multichromophoric systems, whereas the formation of the NDI radical anion, evidenced by transient absorption measurements, points to the occurrence of photoinduced charge separation. The location of the positive charge could not be established unambiguously from the transient absorption measurements, but energetic considerations indicate that charge separation should occur between two NDI units in the blue systems, whereas both an NDI unit and the p-octiphenyl scaffold could act as electron donor in the red system. The lifetime of the charge-separated state was found to increase from 22 to 45 ps by going from the bi-to the octachromophoric blue systems in methanol, while a 400 ps decay component was observed in the lipid membrane. This lifetime lengthening is explained in terms of charge migration that is most efficient when the octachromophoric systems are assembled as supramolecular tetramers in the lipid membrane. Furthermore, the average charge-separated state lifetime of the red system in methanol is even larger and amounts to 750 ps. This effect cannot be simply explained in terms of Marcus inverted regime as the driving force for charge recombination in the red system is only slightly larger than in the blue one. A better spatial separation of the charges in the red system stemming from the localization of the hole on the p-octiphenyl scaffold could additionally contribute to the slowing down of charge recombination.
Introduction
Over the past years, a large number of molecular systems consisting of two or more identical and covalently linked chromophores have been synthesized and investigated. One major motivation was the elaboration of artificial analogues of the light-harvesting complexes of photosynthetic organisms. [1] [2] [3] [4] [5] [6] [7] However, multichromophoric molecules have also been developed for other applications such as, for example, molecular wires, 8, 9 single photon sources, 10 logic gates, 11 light stabilizers, 12 fluorescent DNA probes, 13, 14 or nonlinear optical materials. 15 The covalent bonding allows the degree of interaction between the chromophoric units to be controlled to some extent. In the strong interaction limit, the chromophores lose their individual character and properties. For example, the electronic absorption and emission spectra as well as the fluorescence quantum yield differ substantially from those of the isolated chromophores as a consequence of the delocalization of excitation over several units. On the other hand, in the weak interaction limit, excitation is localized on a single chromophore, and thus the absorption and emission spectra are essentially the same as those of an individual unit. In this case, however, a modest interaction between the chromophoric moieties is sufficient to enable efficient excitation energy hopping over the whole system, as observed, for example, in the light-harvesting complexes of photosynthetic bacteria 16 and in many artificial analogues. [1] [2] [3] [4] [5] [6] [7] Although excitation energy hopping is a major process in these systems, photoinduced charge separation (CS) between two chemically identical chromophores can also be operative in some cases. For example, the self-quenching of perylene fluorescence has been shown to lead to the formation of both perylene radical cation and anion. 17 Such a symmetry-breaking CS process has also been observed upon excitation of bichromophoric molecules like bianthryl, 18 perylene mono-and diimide dimers, 19, 20 and π-stacked perylenediimides. 20, 21 We report here on the investigation of the photophysics of two octachromophoric systems consisting of a p-octiphenyl scaffold bearing eight core-substituted naphthalene diimides (NDIs), using femtosecond-resolved fluorescence up-conversion and transient absorption (TA) spectroscopy. The photophysics of N-substituted NDIs has already been investigated in detail. [22] [23] [24] [25] [26] [27] [28] These compounds are colorless, their first absorption band being located below 400 nm, and very weakly fluorescent because of fast intersystem crossing favored by the strong spin-orbit coupling introduced by the carbonyl groups. N-Substituted NDIs are often used as building blocks in dyads, triads, and donor-bridge-acceptor systems where they act as electron acceptor, [29] [30] [31] [32] [33] but their fast intersystem crossing prevents their use as light absorbers. The excited-state properties of these NDIs are essentially independent of the nature of the N-substituents. On the other hand, core substitution has recently been shown to substantially affect the photophysical and electrochemical properties of NDIs. 34, 35 Variation of the substituents from amino to alkoxy groups at the 2 and 6 positions on the naphthalene core allows color tuning of the NDIs from blue to yellow. 34 Furthermore, these core-substituted NDIs are strongly emissive, with fluorescence quantum yields on the order of 0.5. These properties are due to an electronic transition of charge-transfer type involving substantial redistribution of the electronic density from the core substituents to the carbonyl groups. Thus, variation of the electron-donating properties of the core substituents enables fine-tuning of the transition energy.
The octachromophoric systems investigated here differ by the core substitution on the NDI moieties, the NDI with two amino substituents being blue and that with one amino substituent and one chlorine atom substituent being red ( Figure 1 ). The blue octachromophoric systems (B8) have recently been shown to self-assemble as tetramers, B8 4 , in the lipid bilayer membrane of large unilamellar vesicles (LUVs) and to enable generation of a transmembrane proton gradient upon photoexcitation. 36, 37 This process was proposed to originate from CS between two NDI moieties, followed by hopping of the charges over the NDI units of B8 4 , and finally by electron transfer to a secondary acceptor inside the LUV and hole transfer to a secondary donor outside the LUV. This mechanism was supported by TA measurements with B8 in bulk solution, which evidenced the occurrence of photoinduced CS. More detailed investigations of the photophysics of B8 as well as measurements of the excited-state dynamics of B8 4 in an LUV membrane are reported here. We will show that both CS and charge recombination (CR) dynamics in B8 4 differ substantially from those found with B8 in solution. Moreover, the effect of the nature of the core substituent on the CS and CR dynamics in the octachromophoric systems has been investigated by comparing the new red octachromophoric molecule R8 with B8 in solution. The photophysics of R8 and B8 have also been compared with those of the red and blue single NDI units, R1 and B1, respectively, and with that of a blue bichromophoric system (B2).
Experimental Section
Samples. The synthesis of R1 and R8 has been described in ref 38 and that of B1, B2, and B8 in ref 36 . The solvents acetonitrile (ACN) and methanol (MeOH) were used without further purification. Tetracyanoethylene (TCNE) was recrystallized and sublimed, whereas N,N-dimethylaniline (DMA) and nitrobenzene (NB) were distilled before use. For steady-state and time-correlated single photon counting experiments, the concentration in terms of NDI units was on the order of 10 µM. For fluorescence up-conversion and TA experiments, they amounted to about 1 mM and to 300 µM, respectively. LUVs were prepared as described in ref 36 . Namely, a solution of egg yolk phosphatidylcholine (10 mg) in CHCl 3 /MeOH 1:1 was dried using a rotary evaporator and then under vacuum (>2 h). The resulting dried lipid was hydrated for >30 min (1 mL, 10 mM potassium phosphate, 100 mM KCl, pH 7.0), freeze-thawed (5×), extruded through a polycarbonate membrane (15×, pore size 100 nm), and diluted with the buffer (4 mL, 10 mM potassium phosphate, 100 mM KCl, pH 7.0) to give LUVs dispersion. Incorporation of B8 in LUVs was accomplished by the addition of the MeOH solution of B8 to the gently stirred LUVs dispersion.
Steady-State Measurements. Absorption spectra were recorded on a Cary 50 spectrophotometer, whereas fluorescence and excitation spectra were measured on a Cary Eclipse fluorimeter. All fluorescence spectra were corrected for the wavelength-dependent sensitivity of the detection. Quantum yield measurements were performed against cresyl violet (Φ fl ) 0.53) 39 or rhodamine 6 G (Φ fl ) 0.94) in ethanol. 40 Time-Resolved Measurements. Excited-state lifetime measurements on the nanosecond time scale were carried out with the time-correlated single photon counting technique as described earlier. 14 Excitation was performed at a repetition rate of 10 MHz with ∼60 ps pulses generated with laser diodes at 395 and 469 nm (Picoquant models LDH-P-C-400B and LDH-P-C-470). The full width at half-maximum of the instrument response function was around 200 ps and the accuracy on the lifetimes of ca. 0.1 ns.
Lifetime measurements on shorter time scales were performed using fluorescence up-conversion. The experimental setup has been described in detail elsewhere. 41 Excitation was achieved at 400 nm with the frequency-doubled output of a Kerr lens mode-locked Ti:Sapphire laser (Tsunami, Spectra-Physics). The output pulses centered at 800 nm had 100 fs duration and 82 MHz repetition rate. The polarization of the pump beam was at magic angle relative to that of the gate pulses at 800 nm. The 400 nm pump intensity on the sample was on the order of 5 µJ · cm -2 . The sample solutions were located in a 1 mm rotating cell. The full width at half-maximum of the instrument response function was ca. 280 fs.
The experimental setup for TA measurements has been described in detail earlier. 42 Excitation was performed either at 530 or at 620 nm with a home-built two-stage noncollinear optical parametric amplifier, 43 fed by the 800 nm output of a standard 1 kHz amplified Ti:Sapphire system (Spectra-Physics). The pump intensity at the sample was around 2 mJ · cm -2 . The polarization of the probe pulses was at magic angle relative to that of the pump pulses. After acquisition, all spectra were corrected for the chirp of the white light probe pulses. The full width at half-maximum of the instrument response function was ca. 200 fs. The sample solutions were kept in a 1 mm thick quartz cell and were continuously stirred by N 2 bubbling. Their absorbance at the excitation wavelength was about 0.3.
Quantum Chemistry Calculations. Ground-state gas-phase geometry optimization was performed at the density functional level of theory (DFT) using the BP86 functional 44 and a [3s2p1d] basis set. 45 The calculations were carried out using Turbomole version 5.9. 46, 47 
Results
Steady-State Spectra. The absorption spectra of the red and blue NDI units, R1 and B1, in MeOH ( Figure 2A ) are essentially identical to those already reported for the same chromophores but with different substituents on the imide nitrogens. 34 The intense absorption band in the visible region originates from a charge-transfer transition associated with the naphthalene-core substituents, whereas the band with a maximum around 365 nm comes from a ππ* transition involving only the NDI center and is independent of core substitution. These features are mostly preserved in the bi-and octachromophoric systems as illustrated in Figure 2B with R1 and R8. In these systems, the electronic transition that corresponds to the S 0 -S 1 transition in a single NDI unit will be called S 0 -LES (locally excited state) transition. As will be shown later on, electronic excited states with lower energy and delocalized over several NDI units or involving both an NDI unit and the p-octiphenyl scaffold are also present.
The S 0 -LES band of R8 is slightly broader on its red side than that of R1 and red-shifted by about 150 cm -1 . On the other hand, absorption arising from the p-octiphenyl scaffold of R8 can be observed below 400 nm, additionally to that of the NDI ππ* transition. The spectral changes observed by going from B1 to B8 differ somewhat, as the S 0 -LES band of B8 is broader on both sides than that of B1 but peaks at the same wavelength, this effect being already present with B2. Finally, this band broadens further in the LUV membrane and a shoulder at 598 nm can be noticed, as already discussed in ref 36 . The presence of this shoulder, assigned to an excitonic transition, together with a strong circular dichroism signal in this spectral region were considered as evidence of the self-organization of the B8s into the B8 4 tetramer in the LUV membrane. 36, 48 The fluorescence spectra of R1 and R8 in MeOH are essentially undistinguishable. Interestingly, the fluorescence excitation spectra of R1 and R8 are also identical and are very similar to the absorption spectrum of R1. This indicates that the broadening of the S 0 -LES absorption band of R8 is most probably associated with the presence of a nonfluorescent subpopulation. The same behavior is found with the blue systems, both fluorescence and excitation spectra of B1, B2, and B8 being alike. The S 0 -LES band observed in the fluorescence excitation spectra of B2 and B8 is also narrower than in the corresponding absorption spectra.
Surprisingly, the fluorescence quantum yields, Φ fl , of R1 and B1 differ greatly ( Table 1 ). The low Φ fl value of R1 in the protic MeOH can be attributed to the occurrence of H-bond assisted nonradiative deactivation of the excited state, [49] [50] [51] which probably involves intermolecular proton transfer. 52, 53 Indeed, the fluorescence quantum yield of R1 in nonprotic solvents like ACN and DMSO is 4-6 times larger. This deactivation pathway of the excited state is apparently not operative with B1. One possible reason is the presence of strong intramolecular H-bonds between the two amino substituents and the nearest carbonyl oxygen atoms, which prevents intermolecular proton transfer. Such protecting effect is no longer possible with the chlorine substituent.
Independently of this, the fluorescence quantum yields of the multichromophoric systems are much smaller than those of R1 and B1. A further reduction of Φ fl is observed with B8 in the LUV membrane. However, because of their size (100 nm diameter), the LUVs strongly scatter excitation light, making the detection of weak fluorescence problematic. As a consequence, the relative error on Φ fl in LUVs is considerable ((100%).
Time-Resolved Fluorescence Measurements. The early fluorescence dynamics of all five molecules in MeOH and of B8 in the LUV membrane recorded at the maximum wavelength is displayed in Figure 3 . The time profile measured with B1 is the simplest and can be reproduced using a biexponential function with a 1 ps rising component and an 8.4 ns decaying component. The rise time was found to shorten by going to B2 and B8 in MeOH. On the other hand, the fluorescence rise of B8 in the LUV membrane and of R1 and R8 is prompt. The rising component can in principle originate from vibrational or solvent relaxation. Solvent relaxation is unlikely, as it should yield the same rise time for all compounds. Moreover rather different time constants than those found here have been reported for the solvation dynamics in MeOH. 54 Vibrational relaxation seems more plausible as excitation is performed at 400 nm, i.e., with about 1.1 eV more energy than the S 0 -S 1 0-0 transition. The shorter rise time observed by going from B1 to B8 might be associated with the increasing size of the molecule, which favors rapid intramolecular redistribution of the vibrational energy. 55 Although less excess excitation energy (∼0.8 eV) has to be dissipated in the red systems, a similar effect could have been anticipated. A possible reason for the prompt rise of fluorescence might be the existence of intermolecular H-bonds, which are known to enhance vibrational energy relaxation. 56 Structural relaxation of the molecules in the excited state, which often follows electronic transitions with some chargetransfer character as is the case here, could also be responsible for this early fluorescence dynamics. It should be noted that these fluorescence time profiles have been recorded at a single wavelength. An unambiguous assignment of the origin of this dynamic feature (vibrational relaxation, solvation, and/or structural relaxation) would require measurement of the early fluorescence dynamics at wavelengths covering the whole emission band.
The fluorescence decays of all compounds but B1 are strongly nonexponential and require at least three exponential functions to be satisfactorily reproduced. The corresponding lifetimes and associated amplitudes are listed in Table 2 , while the average lifetimes are listed in Table 1 . These tables show that the small fluorescence quantum yield measured with R1 in MeOH arises from a shorter excited-state lifetime because of the existence of a H-bond assisted nonradiative deactivation pathway, involving most probably intermolecular proton transfer, that is not operative in ACN. The different decay components observed with R1 in MeOH could be accounted for by a different excitedstate proton-transfer efficiency of the regioisomers.
Despite this, it appears clearly that the reduced fluorescence quantum yield of the multichromophoric systems originates, at least partially, from an additional nonradiative deactivation pathway that is nonexistent in R1 and B1. This point will be discussed in more detail below.
TA Measurements. Red Systems. TA spectra recorded with R1 in MeOH upon 530 nm excitation are shown in Figure 4A . The main features are a broad positive band between 400 and 510 nm and a broad negative band centered around 620 nm. As the amplitude of the positive TA band exhibits a time evolution similar to that found by time-resolved fluorescence, this band can be assigned to S 1 -state absorption. Similarly, the negative signal above 550 nm can be ascribed to S 1 -S 0 stimulated emission. However, this negative band is 30 nm redshifted relative to the stimulated emission spectrum of R1, calculated by multiplying its steady-state fluorescence intensity by λ 4 . 57 Moreover, no negative signal due to the bleach of the S 0 -S 1 absorption can be observed around 530 nm. This indicates that the S 1 -state absorption spectrum of R1 most probably extends over the whole visible region and masks the groundstate bleach signal and the blue side of the stimulated emission spectrum.
In the 530-560 nm region, the signal intensity is negative at short time delays and positive after about 20 ps ( Figure 4B ). This change is accompanied by a red shift of the stimulated emission band on the same time scale. The early TA dynamics at 545 nm can be reproduced with a biexponential function with time constants of 2 and 12 ps, and relative amplitudes of 0.65 and 0.35, respectively. These values are close to the 2.5 and 15 ps time constants reported for the solvation dynamics of coumarin 153 in MeOH. 54 As a consequence, these early spectral changes in the 530-560 nm region can be assigned to dynamic Stokes shift of the stimulated emission. This effect was not observed in the time-resolved fluorescence measurements because they were performed at the band maximum where the Stokes shift does not result in a very significant intensity variation. As discussed above, vibrational and structural relaxation of the excited state could also be partially involved in this early dynamics. Once relaxation is complete, the TA intensity in this region is positive because of the predominance of S 1 -state absorption. This spectral dynamics together with the strong spectral overlap make an extraction of the intrinsic S 1 -state absorption spectrum hardly possible. In order to identify the spectra of R1 radical ions, TA measurements with solutions of R1 in MeOH in the presence of either an electron donor or an electron acceptor have been performed. The transient spectra shown in Figure 5 and obtained with R1 and 4 M DMA in MeOH differ substantially from those in pure MeOH: the negative band around 620 nm is replaced by a positive band culminating at about the same wavelength and the secondary maximum at 435 nm is missing. The absence of stimulated emission can easily be explained by the quenching of R1 in the S 1 state upon electron transfer from DMA. This very rapid quenching can be accounted for by the high quencher concentration, 4 M DMA in MeOH corresponding to a 1:1 (v/ v) DMA/MeOH mixture, as subpicosecond time constants have been reported for the quenching of several excited chromophores in pure DMA. [58] [59] [60] As a consequence, the transient spectra should be dominated by the absorption of the quenching product, namely, the radical anion R1 •-and the radical cation DMA •+ , as well as by the bleach of the S 0 -S 1 absorption. As DMA •+ is known to only exhibit a weak absorption band around 475 nm, 61 all the positive TA features come from R1 •-, whereas the negative signal at 532 nm originates from the bleach of the ground-state absorption. Core-unsubstituted NDI anions have an intense absorption band peaking around 475 nm, 26, 28, 32 in good agreement with the TA band at 473 nm found here. The other TA band above 550 nm might arise from an additional transition of R1 •-involving the core substituents. The signal intensity throughout the whole TA spectrum exhibits a biphasic decay with time constants of 4 ps and >100 ps with relative amplitudes 0.9 and 0.1, respectively, that arises from geminate CR of the DMA •+ /R1 •-pairs. The biphasic nature of the decay could come from the presence of ion pairs with different coupling, namely, tight and loose ion pairs. 62 However, this hypothesis was not further investigated, this going beyond the scope of the present study. Trials to identify the absorption spectrum of R1 •+ by using the electron acceptor TCNE as quencher were unsuccessful. Indeed no other transient bands than those observed with R1 alone could be detected. This could be explained either by an R1 •+ absorption spectrum located outside the spectral window of the experiment or by an ion population that is too small to give a significant signal intensity as CR of the ion pair is much faster than quenching.
The transient spectra measured with R8 in MeOH ( Figure  6A ) differ substantially from those recorded with R1. The 400-500 nm region of R8 resembles somewhat that of R1 except that the secondary maximum at 435 nm is now only a shoulder. On the other hand, the negative TA signal caused by stimulated emission is replaced by a broad positive band of medium intensity. During the first 30 ps, some spectral evolution can be observed above 550 nm: the shallow 620 nm minimum present at early time has almost completely vanished after 30 ps. This change originates from a decrease of the stimulated emission concomitant with an increase of a positive TA signal. The interpretation of these TA spectra is greatly facilitated by the time-resolved fluorescence data, which show that the decay of the LES population is triphasic ( Table 2 ), and that, although most of this population has decayed after 100 ps, a residual LES population is still present up to several nanoseconds. As a consequence, the transient spectra of R8 at all time delays contain contributions from the unquenched LES and from another population resulting from the quenched LES population. As illustrated in Figure 6B , the TA spectrum of R8 below 530 nm can be perfectly well reproduced by a linear combination of the transient spectra recorded at the same time delay with R1 alone and with DMA. The agreement on the red side of the spectrum is not as good but is qualitatively reasonable, considering that the dynamic Stokes shift of the stimulated fluorescence might differ for R1 and R8 because of different environments of the chromophores. Thus, the TA spectra of R8 point to the presence of both an LES and a charge-separated state (CSS) population. In the latter state, the negative charge is clearly on a red NDI chromophore. However, the location of the hole cannot be inferred from the TA spectra. This point is discussed in the next section. Figure 6C shows the time profile of the TA intensity at 470 nm reflecting both LES and CSS population dynamics. In order to estimate the temporal evolution of the CSS population only, the contribution of the LES population was removed by subtracting the time profile measured by fluorescence. The scaling factor was taken from the weight of the TA spectrum of R1 alone used to reproduce the spectrum of R8 in Figure  6B . The resulting profile, also shown in Figure 6C , now reflects the temporal evolution of the CSS population but does in principle not allow the intrinsic lifetime of this population to be extracted. This would indeed only be possible if the CSS were populated instantaneously, which is clearly not the case here.
The observed time dependence of the TA signal due the CSS population, A CSS obs (t), can be mathematically expressed by the following convolution integral: 62
where c is a constant, P CSS int (t) is the time profile of CSS population that would be observed if this state were populated instantaneously, and F(t) is its time-dependent buildup rate. The latter can be deduced from the decay of the LES population upon CS, P LES CS (t):
P LES CS (t) can be obtained from the ratio of the fluorescence time profiles of R8 and R1:
In the latter equation, the acceleration of the fluorescence decay by going from R1 to R8 is assumed to stem from CS only. Table 2 shows that P LES CS (t) can be reasonably well described by a biexponential function with time constants of 4.3 and 23 ps and relative amplitudes of 0.35 and 0.65, respectively.
The continuous line in Figure 6C is the best fit of eq 1 to the temporal evolution of the CSS population using for P CSS int (t) a biexponential function with time constants of 98 ps and 1.1 ns and relative amplitudes of 0.35 and 0.65, respectively. These two largely different time constants do not automatically imply two distinct CSS subpopulations but most probably reflect a distribution of subpopulations with different relative orientations of the chromophores and thus CR time constants ranging from less than 100 ps to more than 1 ns.
Blue Systems. The TA spectra of B1 in MeOH upon 620 nm excitation ( Figure 7A ) share some similarity with those of R1, with a broad positive band between 400 and 590 nm with maxima at about 510 and 570 nm and a broad negative band centered around 625 nm. The first feature can be safely assigned to the S 1 state of B1, whereas the negative band arises from both stimulated S 1 -S 0 emission and bleach of the S 0 -S 1 absorption. However, the S 0 -S 1 absorption band extends to much shorter wavelengths than the negative TA band and overlaps strongly with the S 1 -state absorption spectrum. Some spectral dynamics, such as an increase of the relative intensity of the 510 and 570 nm maxima and a red shift of the negative TA band, can be observed during the first 30 ps. As a consequence, the early time evolution of the TA signal intensity at almost any wavelength can be reproduced by a biexponential function with 2 and 16 ps time constants. These values are very close to those found with R1 in MeOH and can be similarly assigned to solvent relaxation, with some possible contribution from vibrational and structural relaxation. After this process, the TA signal intensity remains almost constant over the time window of the experiment (0-2 ns) in agreement with the 8.4 ns fluorescence lifetime of B1.
The TA spectra of B1 with 3 M DMA differ substantially from those in pure MeOH ( Figure 7B ). At short time delays, the presence of B1 in the S 1 state can still be recognized by the stimulated emission in the red part of the negative TA band and as the small positive shoulder at 570 nm. As time proceeds, the contribution of the S 1 -state population decreases to zero as testified by the blue shift of the negative TA band due to the quenching of the stimulated fluorescence and by the disappearance of the 570 nm shoulder. After about 3 ps, the TA spectrum consists of a broad positive band centered at 502 nm, of a negative band due only to the bleach of the S 0 -S 1 absorption, and of a positive feature above 680 nm. All the positive TA bands can be assigned to the radical anion B1 •-. The decay of the intensity of both the B1 •-and bleach bands can be reproduced with a biexponential function with time constants of 9.7 and 38 ps and relative amplitudes of 0.89 and 0.11, respectively. These time constants differ substantially from those found with R1 and DMA, probably because of different driving forces for both CS and CR. It should be noted that the TA spectra recorded with B1 are not largely different from those measured with R1, the main dissimilarities being essentially caused by the location of the bands associated with the S 0 -S 1 bleach and the stimulated emission.
As for R1, attempts to observe the radical cation B1 •+ generated upon quenching by the strong electron acceptor TCNE failed. The measurements were repeated with B1 in pure NB, which has the advantage over TCNE to be a substantially weaker electron acceptor (E red (NB) ) -1.15 V vs SCE, 63 E red (TCNE) ) +0.24 V vs SCE). 64 Therefore, CR of the resulting ion pair should be more exergonic and thus slower, as predicted for electron-transfer processes in the inverted regime. 65 As illustrated in Figure 7C , the transient spectrum of B1 in NB is almost the same as that in MeOH except for a larger relative intensity in the 550 nm region and a red shift of the negative band. Interaction between R1 in the S 1 state and NB is supported by the strong reduction of the excited-state lifetime compared to MeOH. Indeed, the decay of the stimulated emission at 650 nm can be reproduced by a biexponential function with time constants of 43 and 215 ps and relative amplitudes of 0.27 and 0.73, respectively, clearly much smaller than the 8.4 ns lifetime in MeOH. However, the shape of the TA spectrum does not change significantly with time. The most plausible explanation is that the interaction of B1 in the S 1 state and NB does not result to a true geminate ion pair with full charge transfer but rather to an exciplex with only a partial charge-transfer character. This is a well-known effect when the driving force for CS is unfavorable as is the case here with ∆G CS ∼ 0.3 eV. 66, 67 Therefore, the transient spectra of B1 in NB can be assigned to the S 1 state of B1 perturbed by a charge-transfer interaction with NB. The absorption spectrum of B1 •+ can unfortunately not be deduced from these data.
The early TA spectra measured with B2 in MeOH ( Figure  7D ) are very similar to those found with B1 + DMA ( Figure  7B ), pointing to the occurrence of CS. However, as time proceeds, the TA features associated with the CSS decay and a residual spectrum very similar to that recorded with B1 alone ( Figure 7A ) is observed. The small shoulder around 570 nm can be seen at all time delays, and the maximum of the negative TA band remains red-shifted relative to that measured with DMA, indicating the continuous presence of an LES population. This agrees with the time-resolved fluorescence measurements that show that about 12% of the LES population decay with an 8.4 ns time constant. Thus, the CSS population decays before that of the LES, explaining the TA spectrum at long time delay. The simultaneous presence of LES and CSS populations complicates the determination of the CR time constant. The time profile of the TA signal intensity at 500 nm exhibits a prompt rise and a slower rise with an ∼4 ps time constant followed by a biphasic decay with 22 ps and >1 ns time constants. The prompt rise can be assigned to the initial LES population, and the slower one to the buildup of the CSS population. Its time constant is consistent with the 5.7 ps found in the fluorescence decay of B2. The 22 ps decay time reflects the disappearance of the CSS population, whereas the >1 ns component is due to the residual LES population. If one considers eqs 2 and 3 and Table 2 , it appears that F(t) can be reasonably well reproduced by a biexponential function with time constants of 5.7 and 63 ps and relative amplitudes of 0.93 and 0.07, respectively. From this and from eq 1, it is evident that a substantial CSS population is generated within a few picoseconds, and therefore, the 22 ps decay component of the TA intensity at 570 nm gives a good estimate of the intrinsic CR time constant.
The TA spectra of B8 in MeOH ( Figure 8A ) are very similar to those measured with B1 and DMA and are thus dominated by CSS absorption and the bleach of the S 0 -LES absorption. The contribution of the LES can be guessed at early time as a shoulder around 570 nm. The temporal evolution of the signal intensity at essentially any wavelength can be reproduced by a biexponential function with 2-4 and 40-45 ps time constants. Depending on the wavelength, the associated amplitudes are of the same or opposite sign. The shortest time constant is most probably related to solvation (and possibly vibrational relaxation) and to the decay of the LES population upon CS. On the other hand the 40-45 ps can be assigned to CR, as it leads to the decay of the CSS population and to the ground-state recovery. Although the spectra associated with both LES and CSS overlap, the time scales of buildup and decay of the CSS population differ sufficiently to allow the assignment of the 40-45 ps time constant to the intrinsic CR time constant without using eq 1.
The TA spectra of B8 4 measured in the LUV membrane are shown in Figure 8B . The spectral region between 600 and 700 nm is totally hidden by the scattering of the excitation light by the LUVs. Nevertheless, the spectra in the remaining regions are dominated by CSS absorption and no contribution from the LES can be detected. The time dependence of the CSS population differs substantially from that found in MeOH as illustrated in Figure 8C . The time profile of the TA intensity in 
Discussion
Nature of the Charge-Separated State. The reduction of fluorescence quantum yield and fluorescence lifetime observed by going from the single NDI units to the multichromophoric systems evidence the existence of an additional decay pathway of the LES in the latter systems. Furthermore, the presence of TA bands that can be assigned to the NDI anion unambiguously points to the occurrence of CS. No TA band that could be ascribed to the radical cation could be detected in the spectra. To our knowledge, the absorption spectrum of an NDI radical cation has never been reported so far. The TA spectra indicate that, if generated, the NDI radical cations should not absorb significantly in the spectral window of the experiment or should have an absorption spectrum similar to that of the anion. On the other hand, the scaffold of R8 and B8 is equivalent to an octianisole that could potentially act as electron donor. The absorption spectrum of octianisole radical cation should not differ much from that of anisole radical cation, which is known to exhibit a weak band around 450 nm. 61 As the TA spectra of R8 and B8 are dominated in this region by the relatively intense bands of both the LES and the radical anion, the presence of the hole on the scaffold can neither be confirmed nor rejected. On the other hand, the feasibility of CS between an excited NDI chromophore and the scaffold can be estimated by considering its driving force: 68
where E LES is the energy of the LES, and E red (A) and E ox (D) are the reduction and oxidation potentials of the electron acceptor and donor, respectively. The correction factor, C, that accounts for the electrostatic interaction between the resulting ionic moieties has been omitted here as it is generally accepted to be very small in polar solvents, C ≈ -0.05 eV. The ∆G CS values for CS between two chromophores (R/R or B/B) and between the scaffold and an excited chromophore (S/R or S/B) are listed in Table 3 . It is immediately clear that CS between two chromophoric units is energetically feasible in both red and blue systems but that CS to the scaffold should only be operative in R8 (Figure 9 ). This trend has been confirmed by recent fluorescence quenching measurements of R1 and B1 in ACN by quateranisole (QA) and hexamethylbenzene (HMB), which have similar oxidation potentials (E ox (QA) ) 1.62 V vs SCE, and E ox (HMB) ) 1.59 V vs SCE). 38 The fluorescence of R1 is efficiently quenched by HMB with a rate constant of 4 × 10 9 M -1 s -1 . Moreover, a reduction of the fluorescence lifetime of R1 from 9.4 to 5.2 ns was observed upon addition of 29 mM QA, corresponding to a quenching rate constant similar to that with HMB. On the other hand, the fluorescence intensity of B1 was unaffected by the presence of HMB, in agreement with a largely positive ∆G CS . In summary, the hole in B2 and B8 is most certainly located on an NDI chromophore. With R8 on the other hand, both CS pathways might be operative (Figure 9) . A hopping of the hole from a chromophore to the scaffold and vice versa should also be feasible. Symmetry-breaking CS in perylene mono-and diimide dimers, 19, 20 as well as in π-stacked perylenediimides, 20, 21 has also been reported by Wasielewski and co-workers. In these systems, CS was found to primarily occur between strongly coupled chromophores with cofacial π-stacked geometry. Indication of CS in dimers with an edge-to-edge arrangement of the chromophores was found in polar solvents only.
Charge-Separation Dynamics. Figure 10 shows the gasphase equilibrium geometry of a B2 analogue calculated at the DFT level of theory. In order to accelerate the calculations, all N-substituents have been replaced by H-atoms. In this geometry, the through-space edge-to-edge distance between the chromophores amounts to 14.5 Å. This distance is clearly much too large to account for the ultrafast decay components of B2 fluorescence and the presence of the anion band in the TA spectra already at short time delays. Considering the relatively weak driving force for CS, this distance would rather be compatible with the nanosecond components of the fluorescence decay. Through-bond CS can also be reasonably excluded as the through-bond edge-to-edge distance is as large as 24.7 Å. It is, however, clear that the bridges linking the chromophores to the scaffold are flexible and that B2 can adopt many other geometries at room temperature. Moreover, torsional disorder of the p-oligophenyl scaffold 69, 70 further increases the number of possible conformations of B2 and of the octachromophoric systems. The mutual orientation of the chromophores is thus obviously not unique. Furthermore, the observation that the S 0 -LES absorption band of the multichromophoric systems differs from that of the single NDI units, whereas the fluorescence excitation spectra are identical, points to the existence of a nonemitting subpopulation. This subpopulation may be associated with geometries where two chromophores are sufficiently coupled to lead to a delocalization of the electronic excitation and thus to excitonic splitting. 71 As a consequence, the absorption spectrum may shift or broaden according to the mutual orientation of the chromophores. The radiative rate constant also strongly depends on this relative orientation and totally vanishes in a H-dimer where the chromophores have a cofacial arrangement. However in the present case, even if the relative geometry of the chromophores is not that of a nonemitting H-dimer, the fluorescence is prevented by ultrafast CS. The geometries where the chromophores are far apart and that where they form a dimer most probably correspond to the extreme limits of a broad distribution of mutual orientations. This distribution is at the origin of the nonexponential fluorescence decay of R8, B2, and B8 (see Table 2 ) and thus of a distribution of CS time scales going from a few picoseconds to a few nanoseconds.
In the case of R8, the coupling between an NDI unit and the scaffold is most certainly smaller than that between two cofacial chromophores. Therefore, the ultrafast fluorescence decay components in R8 most probably originate from CS between two chromophores and not from CS with the scaffold.
In the LUV membrane, four B8s have been shown to selforganize by π-stacking into a quadruple M-helices architecture, B8 4 , where four chromophores of a B8 unit interdigitate with four chromophores of an adjacent B8 unit (Figure 11 ). 36, 48 This self-organization results to a small interchromophoric distance, hence to large coupling. Indeed, the 32 chromophores in the B8 4 assembly are ordered as four π-stacks that could be viewed as four H-type aggregates. Excitonic interaction in such an arrangement is responsible for the substantial broadening of the blue side of the S 0 -LES absorption band of B8 4 in the LUV membrane, whereas the helicity of the π-stacks accounts for the circular dichroism signal. 48 The radiative rate constant of such H-aggregates can be expected to be substantially smaller than that of the individual chromophores. This agrees well with the 10-fold reduction of the fluorescence quantum yield of B8 4 in the LUV membrane compared to B8 in MeOH, whereas the average fluorescence lifetime is reduced by less than a factor 2. Thus, ultrafast CS upon excitation of such aggregated dyes is equivalent to exciton dissociation. Molecular dynamics simulations of the B8 4 reveal that the mutual geometry of the chromophores is not unique, 36 although the distribution is much narrower than in MeOH. As a consequence, a distribution of CS rate constants should also be expected. The data in Table 2 show that 90% of the fluorescence decays with a 15 ps or shorter time constant, the residual fluorescence vanishing much more slowly. The latter is most probably caused by B8 molecules that are present as monomers or by defective supramolecular assemblies.
CR Dynamics. The CR time constants determined from TA data analysis are summarized in Table 4 . The CR dynamics does not only depend on the chromophores but also on their number and their relative position as shown by the differences between B2 and B8 in MeOH and in the LUV membrane. It should first be noted that the single CR time constants found with B2 and B8 in MeOH do not imply that there is a unique CR time scale in these two systems. Indeed, a substantial CS state population can only be observed if CR is slower than CS (see eq 1). In the case of B2, it is thus not possible to resolve CR components shorter than about 5 ps. Similarly, the CSS population generated in the slowest phase of CS, associated with 63 and 980 ps time constants, does not contribute to the TA signal unless it recombines with longer time constants. Therefore, the 22 ps time constant measured with B2 can be attributed to the recombination of the CSS population generated with the 5 ps time constant. However a CR component of this population shorter than 5 ps cannot be excluded. This 22 ps time constant is reasonable considering that it corresponds to the recombination of relatively well-coupled ions. Time constants of the same order of magnitude have been observed in geminate ion pairs with similar driving force for CR. 72 In polar solvents, this driving force corresponds to the onset of the inverted regime as predicted by the semiclassical theory of nonadiabatic electron-transfer reactions. 65 Although the fastest CS components found in B2 and B8 are similar, CR in the latter is twice as slow. A major difference between these two systems is that, apart from recombining, the charges in B8 can hop to a nearby neutral chromophore. Such charge migration should considerably lengthen the lifetime of the CSS population. This process does not alter CSS population, and its occurrence cannot be seen in the TA spectra. However, unless the chromophores are perfectly parallel to each other, electron hopping should lead to a depolarization of the radical anion band. Polarized TA measurements, that will be described in detail elsewhere, indeed reveal a much faster decay of the polarization with B8 in MeOH than with B2. The same effect is probably responsible for the slow CR component found with B8 4 in the LUV membrane. In this case, the charges can migrate over 32 chromophores arranged in four parallel π-stacks. As the coupling between the chromophores within a stack is considerable, both charge hopping and recombination should be very fast. This certainly explains the 5 and 25 ps CR components. On the other hand, the edge-to-edge distance between chromophores in two adjacent stacks is of the order of 4-5 Å. Therefore, although the coupling between such dyes is relatively small, some lateral migration of the charges should also be operative. As the survival time of two opposite charges in different stacks is definitely larger than for two charges in the same stack, such lateral hopping is most probably at the origin of the 400 ps CR component.
The decay of the CSS population in R8 is much slower than in B8, the ratio of the average CR time constants being as large as 16. According to Table 3 , the driving force for CR, ∆G CR ) -E LE -∆G CS , is larger by 0.3 eV in R8 than in B8 (Figure 9 ). Thus, according to nonadiabatic electron-transfer theory, CR in R8 should be more in the inverted regime. Such an increase of ∆G CR in this driving force range was found to change from 22 to 170 ps the CR time constant of geminate ion pairs produced upon bimolecular fluorescence quenching of cyanoanthracenes by DMA in ACN. 72 As a consequence, the 1.1 ns CR time constant in R8 is difficult to account for only in terms of an increased driving force. As discussed above, both CS with a second chromophore and with the scaffold have a quite similar driving force. Therefore, the hole can in principle hop to both another chromophore and the scaffold while the electron is confined in the chromophores. This difference in charge localization should greatly enhance the CSS lifetime, as it should strongly decrease the probability of encounter of holes and electrons. As CS with the scaffold is energetically not possible with B8, these distinct paths for hole and electron hopping do not exist with this system, and thus the charges have a much higher recombination probability. Excitation Energy Hopping and Exciton Annihilation. As shown in Figure 2 , the absorption and fluorescence spectra of both red and blue chromophores overlap substantially, and therefore, the occurrence of excitation energy hopping (EEH) in the multichromophoric systems should be considered. The Förster radius for EEH via the Coulombic interaction has been estimated to 57 and 42 Å for red and blue chromophores, respectively, assuming random orientation of the energy donors and acceptors. On the other hand, the calculated center-to-center distance between the chromophores in B2 is at most 22 Å. Therefore, optical excitation of the multichromophoric systems should be followed by both CS and EEH. This is confirmed by steady-state measurements of the fluorescence of B1, B2, and B8 in low-temperature MeOH glasses that reveal that the fluorescence of B1 is polarized, whereas that of B2 and B8 is not. This depolarization of the emission is a direct consequence of EEH between two randomly oriented chromophores. Timeresolved fluorescence anisotropy measurements are being currently performed in order to determine the EEH dynamics.
Finally, exciton annihilation is known to be a major deactivation pathway of excited states in aggregates and multichromophoric systems. 4, [73] [74] [75] This process manifests by a dependence of the fluorescence quantum yield and of the excited-state dynamics on the excitation intensity. Exciton annihilation can be viewed as an energy transfer from an excited chromophore to another excited chromophore yielding the donor in the electronic ground state and the acceptor in a highly excited state. Additionally to the excitation intensity, its efficiency depends on the overlap of the fluorescence and excited-state absorption spectra as in "conventional" Förster-type energy transfer. As significant overlap of LES and stimulated emission spectra can be seen in the TA spectra of R1 and B1 ( Figures 4A and 7A) , exciton annihilation could in principle take place in the multichromophoric systems, especially in R8, B8, and B8 4 , the probability to have more than one excitation per molecule increasing with the number of chromophores. At the pump intensity of 2 mJ · cm -2 used in the TA experiments, the average number of excitations/chromophore can be estimated to amount to p ) 0.08. The probability, P x , to have x excitations/system is given by the binomial distribution: 76, 77 
where n is the number of chromophores/system. For R8 and B8, these probabilities are: P 1 ) 0.36, P 2 ) 0.11, P 3 ) 0.02, and P n>3 ≈ 0. As the lifetime of an excitation in R8, B8, and B8 4 is very small, exciton annihilation should not play a significant role in the excited-state dynamics reported here. However, because this process is too slow to compete with CS, the excitation of more than one chromophore in a system results in the generation of several electron/hole pairs. This in turn should lead to an acceleration of CR in its initial phase and to a recombination dynamics that depends on the excitation intensity. This effect has not been investigated but could partially account for the ultrafast CR component observed with B8 4 . However, the slower part of the recombination dynamics should not be influenced by multiple excitations.
Concluding Remarks
The results described here illustrate the remarkable properties of core-substituted NDI-based multichromophoric systems. Most multichromophoric structures investigated so far exhibit only excitation energy hopping upon optical excitation. On the contrary, those studied here are essentially nonfluorescent because of very efficient CS. This process occurs on a wide range of time scales, going from a few picoseconds to a few nanoseconds, despite a modest driving force. The key parameter controlling CS in these systems is not the driving force but the electronic coupling, which is influenced by both distance and mutual orientation of the participating groups. CR dynamics is similarly influenced by the electronic coupling but is additionally complicated by the possibility for the charges to hop to a nearby neutral chromophore. Therefore, CR depends also strongly on the number of chromophoric units. The dynamics of this charge migration is being currently investigated by polarizationsensitive TA. Finally, the difference between the absorption and fluorescence excitation spectra found mainly with B2 and B8 indicates that the strongly coupled and thus nonfluorescent chromophores absorb preferentially on the edges of the S 0 -LES absorption band. Consequently, both CS and CR dynamics should exhibit a substantial dependence on the excitation wavelength. Experimental confirmation of such a spectral effect is planned in our laboratory.
In conclusion, the photophysical properties of these multichromophoric systems make them highly interesting building blocks for the design of sophisticated photoactive systems as recently demonstrated. 36, 38, 78 
